Abstract-This letter presents a subwavelength slot-fed highgain dual-layer corrugated plate antenna for X-band applications. The antenna is realized by placing a second corrugated layer that has three radiating slots on top of the traditional corrugated plate antenna. The addition of the second layer improves the gain and bandwidth of the proposed antenna. Compared to a traditional single-layer corrugated plate antenna, the proposed dual-layer antenna has higher gain, lower sidelobe level, narrower half-power beamwidth, and better impedance bandwidth. A prototype of the proposed antenna is built and tested, and the measured results show that the antenna has a peak gain of 16.3 dBi at 11.3 GHz. The gain of the proposed antenna has been improved by more than 4 dBi due to coupling more energy to the second layer's three slots. Finally, the operating principles of the proposed antenna are also discussed and analyzed thoroughly.
I. INTRODUCTION
A SUBWAVELENGTH slot surrounded by symmetric and periodic corrugated structure has been widely investigated to deliver enhanced transmission as well as high-gain performance in optical, terahertz (THz), and microwave regions [1] - [3] . Inspired by the optical phenomenon and by scaling the dimensions of the structure up to microwave frequency and THz range, highly directive dual-band corrugated antennas were realized in [2] - [4] . The periodic corrugations can have a circular shape, which is called "bull's eye," as in [5] - [8] , or a straight shape as in [2] - [4] and [9] - [14] . Furthermore, it has been shown in [9] and [10] that using a slot array excited by multiple waveguides and surrounded by periodic corrugations could narrow the antenna beamwidth and contribute to further enhancement in the antenna gain. In fact, the periodic corrugations in those designs are employed as a secondary radiation source to reemit surface energy and to modulate surface waves at the antenna surface [9] - [11] . Hence, dimensions and period of the corrugations have strong effects on the antenna far-field radiation performance due to the surface wave distribution on antenna surface [11] . In order to keep a low profile, and to reduce metal thickness by adopting slot transversal resonant mode, a low-profile, single 0 band, and dielectric-grooves-loaded corrugated plate antenna is proposed in [12] . Other studies in [9] and [13] have shown that loading the surface of the antenna in the uncorrugated region excites more surface waves, and hence increases the antenna gain, resulting in aperture efficiency enhancement. Moreover, it has been demonstrated in [14] that using a 2 × 2 slot array with spacing larger than the wavelength and loaded with dielectric ribbons contributes to grating lobes suppression as well as gain increment. However, large aperture size and bandwidth limitation remain the main drawbacks of the traditional corrugated plate antennas that operate at microwave frequencies. In this letter, a novel structure is proposed for X-band applications in order to reduce the corrugated antenna aperture size and to enhance both gain and bandwidth of the antenna by placing a second corrugated layer on top of the traditional single-layer (S-L) corrugated plate antenna.
II. ANTENNA STRUCTURE

A. Proposed S-L Corrugated Plate Antenna
An S-L corrugated plate antenna is designed based on the design principles presented in [3] , [4] , and [8] . The proposed antenna consists of a rectangular subwavelength slot in a middle of metallic slab surrounded by symmetrical and periodic corrugations, as shown in Fig. 1 . On each side of the slot, there are two symmetrical corrugations that boost the antenna gain and enhance the antenna far-field characteristics. The electromagnetic (EM) energy is coupled to the rectangular slot via a standard WR90 rectangular waveguide with UBR100 flange. The proposed antenna is modeled and simulated using CST Microwave Studio software, where the antenna dimensions are optimized to enhance its gain at the resonance frequency. The final dimensions for the antenna are: slot width SW = 5.8 mm, slot length SL = 15.5 mm, metal thickness t = 6.5 mm, corrugation's width k = 4.5 mm, corrugation's period p = 25.4 mm, corrugation's depth d = 4.9 mm, distance between first corrugation and slot r = 18.1 mm, antenna length L = 130 mm, and antenna width W = 100 mm. The prototype of the antenna is shown in Fig. 1 
(c).
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B. Proposed Dual-Layer Corrugated Plate Antenna
The configuration of the dual-layer (D-L) corrugated plate antenna is shown in Fig. 1 . The antenna consists of two corrugated plates on top of each other. The first layer is identical to the antenna that has been described in Section II-A, while the center layer is a corrugated plate with three identical slots in the centre of the structure. Introducing the second layer dramatically enhances the gain and bandwidth of the antenna. The distance between both layers is h = 3.5 mm, depth of the second layer corrugation is d1 = 4.7 mm, width is k1 = 3.0 mm, second-layer slot width SW1 = 6.0 mm, second-layer slot length SL1 = 17.0 mm, distance between slots s = 1.5 mm, distance between first corrugation and slots r1 = 15.0 mm, corrugation's period p1 = 23.0 mm, L = 130.0 mm and W = 100.0 mm, and diameter of metal spacer posts is c = 8.0 mm. The posts are necessary to support the second layer on top of the first one, and they can be fabricated using metal or dielectric material, as they exhibit negligible effects on the overall performance of the proposed D-L antenna.
III. RESULTS AND DISCUSSION
A. S-L Corrugated Plate Antenna
A prototype is built with the optimized dimensions. The reflection coefficient is measured using a vector network analyzer. Good agreement between simulated and measured reflection coefficients is found, as shown in Fig. 2 . The antenna resonates at 10.0 GHz with a measured −10.0-dB bandwidth of 1.5 GHz.
The bandwidth of such a corrugated plate antenna is directly proportional to the slot width SW, while resonance frequency at 10.0 GHz acting as the transversal resonance is inversely proportional to the slot length (SL ≈ λ 2 ), where λ is the resonance wavelength [3] . The S-L antenna with two corrugations at each side of the slot has a maximum measured gain of 12.1 dBi at 10.0 GHz, while the simulated gain is 12.6 dBi. The gain of the S-L is measured using a gain transfer method described in [15] utilizing an EMC 3115 double-ridged broadband standard horn antenna that has a frequency range from 700.0 MHz to 18.0 GHz. The flat metal plate with no corrugations has a gain of 6.2 dBi, while adding extra periodic corrugations enhances the gain of the antenna until reaching saturation limit [3] and [10] . Furthermore, the gain improvement of the antenna becomes weak when the number of corrugations exceeds four on each slot side [10] , hence adding four corrugations on each slot side is recommended and considered a reasonable tradeoff between the antenna size and gain. However, the gain of the S-L antenna proposed in this letter with four corrugations on each slot side is 13.6 dBi, which corresponds to total dimensions of L × W = 254.0 × 100.0 mm 2 . In addition, the simulated and measured far-field radiation patterns in E-and H-planes are shown in Fig. 3 , where good agreement between simulated and measured results is obtained. The measured halfpower beamwidth (HPBW) is 18.0
• with a sidelobe level (SLL) of −10 dB in the E-plane and 45.0°with SLL of less than −25 dB in the H-plane. The antenna is linearly polarized where the electric field direction is along the x-axis and perpendicular on SL. Finally, the S-L antenna has low cross-polarization level of less than −30.0 dB in both E-and H-planes over its entire bandwidth.
B. D-L Corrugated Plate Antenna
Introducing a second layer to the traditional corrugated plate antenna on top of the first layer enhances the bandwidth and gain of the antenna. The measured −10.0-dB impedance bandwidth has been increased by 1.2 GHz to be 2.7 GHz ranging from 9.7 to 12.4 GHz, as shown in Fig. 2 . A frequency shift of 50-100 MHz is noticed in the position of some of the resonance frequencies in both S-L and D-L antennas, which could be caused by fabrication tolerance and inaccuracy, where the fabricated antennas have round slot corners due to milling procedure. Moreover, adding three slots on the second layer increases the maximum measured gain of the antenna by 4.2 dBi. The D-L antenna has a measured peak gain of 16.3 dBi at 11.3 GHz, as shown in Fig. 4 , where the gain is measured using gain transfer method as mentioned in [15] . The measured gain is 0.6 dBi less than the simulated one due to imperfect cable and fabrication. The depth, width, distance from slots, and period of the D-L antenna corrugations have been optimized to maximize the gain of the antenna at 11.3 GHz. Furthermore, the proposed S-L and D-L antennas have high simulated radiation efficiency over their entire bandwidth, as shown in Fig. 5 . This is due to the very efficient waveguide feeding mechanism as well as for the fact that both antennas are purely metallic, which makes the low conduction losses as the only source of losses. Hence, the efficiency of the antenna is boosted once the S 11 is matched. Furthermore, the antenna's measured HPBW in the H-plane is 21.0
• with SLL of −27.0 dB, while the HPBW in the E-plane is 15.5
• with SLL of −15.0 dB, as shown in Fig. 6 . Besides, the antenna radiates in the boresight in both E-and H-planes with low SLL over most of the operating bandwidth.
Bandwidth enhancement in the proposed D-L antenna is due to multiresonance frequencies created once the second plate is introduced on top of the S-L antenna. The positions of those resonances are random and mainly depend on the wave reflections between the two metallic plates. In fact, introducing the second plate on top of the first one causes wave reflections between both plates, which subsequently causes interference that is able to enhance/deteriorate the bandwidth of the antenna. Therefore, the dimension of the gap between both layers is crucial for the bandwidth performance, and it has to be optimized so that the impedance bandwidth can be improved. Furthermore, two antennas are studied with no corrugations to understand the effects of the addition of the second plate on the bandwidth of the antenna, and to eliminate any interference from the corrugations. The first antenna is when there are three slots on layer two and no corrugations on both layer one and layer two (Ant 1), while the second antenna is when there is only one slot on layer two and there are no corrugations on layer one and layer two (Ant 2). The S 11 response of both antennas is shown in Fig. 7 , which shows that an impedance bandwidth of nearly 30% can be obtained in both antennas regardless of the number of slots on the second layer and the existence of the corrugations on both layers. Moreover, the effect of the gap between both layers h, as well as the effect of both layers' corrugations on the S 11 response of the D-L antenna have been studied as shown in Fig. 8 . The figure presents that the bandwidth of the antenna, position, and number of the resonances depend mainly on the dimension of gap h and on the existence of corrugations on the first layer, as the addition of these corrugations interferes with the reflection between both plates. It can be noticed the D-L antenna has almost the same S 11 response when there are no corrugations on both layers and when there are only corrugations on the top layer as the dotted line and the blue line show in Fig. 8(b) . Furthermore, Fig. 8(b) shows that the S 11 response of the D-L antenna changes dramatically once the corrugations on the first layer are added, while the addition of the secondlayer corrugations does not introduce a significant change to the S 11 as shown in the solid red and black lines in Fig. 8(b) . Hence, it can be concluded that the final bandwidth of the D-L corrugated antenna is determined by the dimension of the gap between both layers and by the existence of the corrugations on the first layer in which their presence interferes with the waves reflection between both plates.
For the S-L corrugated plate antenna shown in Fig. 1(a) , the source of EM energy is the feeding waveguide, as it couples energy to the plate surface via the slot, where part of the coupled energy is radiated via the slot, resulting in 6.2 dBi gain, and the rest of this energy is converted/transformed into unexcited/unradiated surface waves, that are polarized in the x-direction and are propagated on the metal plate surface and ultimately leaked at plate edges. The introduction of the cor- rugations excites these leaky surface waves, resulting in gain enhancement. Maximum surface waves excitation occurs when the sum of corrugations period and the corrugations depth equals the operation wavelength where in-phase retransmission is achieved, resulting in electric field radiation in the boresight and normal to metal surface (p = 0.85λ and p + d = 1.01λ at 10 GHz). However, the EM energy in the D-L antenna is coupled from the first layer to the three slots in the second layer, which become the primary radiation source. Hence, the D-L antenna has a gain of 9.9 dBi when there are no corrugations on the second layer due to the radiation from the slots. Furthermore, the addition of the corrugations on the second layer excites the unradiated surface waves on the second layer surface in a similar manner to the S-L antenna, resulting in gain increment of 7.0 dBi, in comparison to 6.5 dBi increment in the single-layer case. The corrugations parameters on the second layer are optimized in order to maximize the gain of the antenna at 11.3 GHz, as shown in Fig. 9 . It has been found that the peak of the antenna gain is obtained when the sum of second-layer corrugations period and depth equals the operation wavelength at 11.3 GHz (p1 = 0.86λ and p1 + d1 = 1.04λ). The gain improvement in the D-L antenna is mainly due to coupling more power from the first layer to the three slots on the second layer. Hence, the three slots are mainly responsible for the gain enhancement. Moreover, the gain of the antenna is directly related to the number of slots on the second layer as the antenna achieves a gain of 13.0 dBi with existence of one slot on the second layer and 15.3 dBi when there are two slots. Furthermore, the existence of the corrugations on the second layer is necessary to improve the overall antenna gain.
However, the existence of the corrugations on the first layer has minor effects on the gain of D-L, as the antenna gain drops only by 1.7 dBi when there are no corrugations on the first layer. In fact, the presence of the corrugations on the first layer changes the electric field distribution in the cavity between both layers as shown in Fig. 10 , as the electric field is uniformly distributed in the cavity when there are no corrugations, and also some of the energy is coupled to the three slots, in the second layer, and the rest of the energy is leaked/lost at the antenna edges. However, the introduction of the corrugations in the first layer redistributes the EM field so that higher energy is located in the cavity beneath the three slots; hence, more energy is coupled to the three slots, and less energy is leaked at the first layer edges, as shown in Fig. 10(c) .
IV. CONCLUSION
This letter presented a design of a novel D-L corrugated plate antenna. Adding the second layer on top of a traditional corrugated plate antenna reduced the antenna size, enhanced antenna gain, and improved the impedance bandwidth. The measured prototypes have verified our designs and shown that the antenna peak gain has increased by 4.2 dBi to be 16.3 dBi after adding the second-layer. Thanks to the second layer, three radiating slots significantly contributed to the gain improvement.
